Insights into atrial function using speckle tracking strain: report of a new, modified method by Borkowski, Philip
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
Insights into atrial function using
speckle tracking strain: report of a
new, modified method
https://hdl.handle.net/2144/15052
Boston University
	   	   	  
BOSTON UNIVERSITY 
 
SCHOOL OF MEDICINE 
 
 
 
 
 
Thesis 
 
 
 
 
 
INSIGHTS INTO ATRIAL FUNCTION USING SPECKLE TRACKING STRAIN:  
REPORT OF A NEW, MODIFIED METHOD 
 
 
 
by 
 
 
 
 
PHILIP D. BORKOWSKI 
 
B.A., Wake Forest University, 2011 
 
 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Master of Science 
 
2014  
	   	   	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2014 by 
 PHILIP DAVID BORKOWSKI 
 All rights reserved  
	   	   	  
Approved by 
 
 
 
 
First Reader   
 Carl Franzblau, Ph.D. 
 Professor of Biochemistry 
 
 
 
 
 
 
Second Reader   
 Rodney H. Falk, M.D. 
 Director, Cardiac Amyloidosis Program 
 Brigham and Women’s Hospital 
 
  
 
 
 
 
	  	   iv 
INSIGHTS INTO ATRIAL FUNCTION USING SPECKLE TRACKING STRAIN: 
REPORT OF A NEW, MODIFIED METHOD 
PHILIP D. BORKOWSKI 
ABSTRACT 
Speckle tracking echocardiography (STE) is a relatively new imaging modality 
that enables the direct measurement of active contractile myocardial tissue in an offline 
analysis. This is accomplished through a software algorithm that tracks collections of 
acoustic markers, known as ‘speckles’, that are unique to a given section of myocardium. 
By measuring the displacement of these ‘speckles’ as the heart contracts and relaxes, STE 
produces parameters of the strain, or percent change in length, exhibited by the 
myocardium. As multiple studies have shown, this strain data produced by tracking of the 
global left atrium has the ability to accurately assess the physiologic functions of the 
atrium as a reservoir, conduit and booster pump in the cardiac cycle. Despite these 
valuable correlations, there are noted problems with STE regarding acoustic cluttering 
and disappearance of ‘speckles’ that can occur as the selected region of interest moves 
out of the field of view or becomes obscured. These problems may be increased when 
tracking an extended region of myocardium. Therefore, this present study sought to test a 
new method of assessing left atrial function with STE strain analysis by focusing on a 
concise region of the atrium, specifically the interatrial septum.  
To test this, the echocardiograms of 37 patients were obtained and grouped 
according to the designation of their cardiac function as normal (n=11), abnormal (n=12), 
or exhibiting signs of cardiac amyloidosis (n=14). In all patients, STE strain analysis was 
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performed on the both the global left atrium and the interatrial septum. Measurements of 
the mean peak strain observed in the resultant strain curves were recorded for both STE 
scans of each patient. The curves produced by the tracking the segments of the entire 
atrium (6 segments) and interatrial septum (3 segments) were compared based on the 
exhibited changes in strain seen in the relative shapes of the curves, as well as the spread 
of the segmental strain curves about the calculated mean strain curve. Additionally, the 
number of segments that were either unsuccessfully or incorrectly tracked was recorded 
as a measure of the accuracy of STE. As a final step, the interatrial strain curves of four 
selected patients in the various states of ventricular diastolic dysfunction were chosen and 
compared with data obtained from scans of mitral flow echocardiography and tissue 
Doppler imaging (TDI) in an attempt to correlate the exhibited changes in strain shown in 
the interatrial septum with the physiologic functions of the atrium during ventricular 
diastole.  
The results showed that the mean peak strain of the global atrial strain trace 
decreased from normal (41.32%±10.8) to abnormal (21.69%±13.8) to the amyloid group 
(10.41%±6.9). This trend was echoed in the mean peak strain measured in the interatrial 
septum, as measured in normal (64.2%±15.6), abnormal (28.37%±13.4) and amyloid 
groups (12.21%±12.1). When the strain curves of the entire atrium and interatrial septum 
were compared, they demonstrated similar patterns in the timing of changes in strain, 
however the strain curves of the individual interatrial septum segments showed a much 
more concise grouping about the mean strain curve and were less likely to exhibit 
discordant segmental strain curves that deviated from the pattern established by all other 
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segments in the trace. Additionally, within the STE scans of the global atrium, the 
interatrial septum exhibited a higher percentage of successfully tracked segments than did 
the lateral atrial wall; this trend was universally exhibited in all three groups. Finally, the 
interatrial septum strain curves, mitral flow echocardiography and TDI scans all 
demonstrated similar indications of left atrial function in the four selected patients. 
 Ultimately, STE strain analysis of the interatrial septum appears to be a more 
accurate method of tracking the atrial myocardium than STE tracing of the global left 
atrium. Furthermore, it shows viable potential as a method for assessing the global 
physiologic function of the left atrium, as indicated by the similarities between the trends 
exhibited by these STE scans and the data gathered from scans produced by mitral flow 
echocardiography and TDI.  
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INTRODUCTION 
Structure and General Function of the Left Atrium 
 There are four total chambers in the human heart, with the right and left atria 
located superior to the right and left ventricles respectively (Saladin, 2012). The atria are 
separated from the ventricles by the atrioventricular (AV) valves; the valve on the right 
side is known as the tricuspid valve, while the left AV valve is referred to as the mitral 
valve (Saladin, 2012; Boulpaep, 2012). Additionally, the atria are divided into two 
distinct chambers themselves by a wall of myocardial tissue known as the interatrial 
septum (Saladin, 2012).  
The atria are often described, in comparison to the ventricles, as exhibiting rather 
thin and compliant walls, contributing to the ability of the atria to maintain a low internal 
pressure as they fill with blood returning from systemic circulation via the great veins 
(Saladin, 2012; Katz, 2001). The great veins are usually identified as the superior and 
inferior vena cavae, which fill the right atrium with deoxygenated blood from the body, 
and the pulmonary veins, which carry oxygenated blood from the lungs into the left 
atrium (Saladin, 2012).   
 Drawing focus to the left atrium, its general function can be described with the 
basic sentiment that it exists to collect and move oxygenated blood from the lungs into 
the left ventricle, which will then pump the oxygen- and nutrient-rich blood throughout 
all of the tissues and organs of the body (Saladin, 2012; Katz, 2001). In many anatomy 
textbooks, this description of the left atrial function is sufficient for a rudimentary 
understanding of the chamber at work. However, the left atrium is slightly more complex 
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than it is often given credit for; it accomplishes its main function of optimizing blood 
flow to the left ventricle through its three roles as a reservoir, conduit and finally as a 
booster pump (Hoit, 2000). Though the literature varies on the exact amounts, the left 
atrium will contribute approximately 40% of blood towards ventricular filling as a 
reservoir, 35% as a conduit and 20-30% as a booster pump (Hoit, 2008; Bonnema et al, 
2008). It should be noted that when describing the three roles of the left atrium it is 
important to have an understanding of the cardiac cycle as a whole because the left 
atrium and left ventricle constantly work in concert with one another, with the atrium 
being able to alter the ratio of its three functions to maintain an acceptable level of 
ventricular filling and stroke volume (Lee et al, 2013; Zhang & Yu, 2007).  
 
Physiologic Functions of the Left Atrium 
 The Reservoir Function 
 During its role as a reservoir, the left atrium collects and stores blood arriving 
from the pulmonary veins (Rosca et al, 2011). The ability of the atrium to act as this 
reservoir is due in part to its thin-walled structure as this imparts a certain level of 
compliance that allows the atrium to stretch and accommodate an increased volume while 
storing energy in the form of pressure (Hoit, 2000; Rosca et al, 2011). The left atrium 
will only collect blood when the mitral valve has closed, so in the context of the cardiac 
cycle, the reservoir function of the left atrium takes place during the phases known as 
ventricular systole and isovolumetric relaxation (Rosca et al, 2011; Abhayaratna et al, 
2006).  
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Ventricular systole can be separated into the phases of isovolumetric contraction 
and ventricular ejection, which are so designated by the opening and closing of certain 
valves within the heart (Saladin, 2012). In isovolumetric contraction the left ventricle has 
reached its approximate peak volume and starts its depolarization, initiating ventricular 
contraction and quickly increasing its internal pressure above that of the left atrium thus 
causing the mitral valve to close and the atrium to begin its role as a reservoir from its 
lowest known volume (Boulpaep, 2012; Abhayaratna et al, 2006). It should be noted that 
this phase is known as isovolumetric contraction because the aortic valve remains closed 
throughout; therefore, upon mitral valve closure the ventricle cannot change in volume, 
and with both valves closed the pressure skyrockets within the ventricle, exceeding the 
pressure in the aorta and causing the aortic valve to open (Boulpaep, 2012).  
When the aortic valve opens, the phase known as ventricular ejection has begun, 
during which the left ventricle pushes blood into the aorta and onto the tissues and organs 
of the body (Saladin, 2012; Boulpaep, 2012). Ventricular ejection is initially a very rapid 
process before tailing off into a slower ejection as the volume of blood in the ventricle 
decreases (Katz, 2001). As the left ventricular volume decreases, so too does the pressure 
in the chamber until it is lower than the pressure in the aorta, at which point the aortic 
valve closes again and the phase of isovolumetric relaxation begins (Boulpaep, 2012). 
In isovolumetric relaxation, the pressure in the left ventricle drops rapidly as it is 
effectively closed off from receiving blood, while that in the left atrium continues to rise 
as it collects an increasing volume of blood from the pulmonary veins (Katz, 2001). The 
left atrium increases to its maximum volume, which it achieves just before its internal 
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pressure exceeds that in the left ventricle and the mitral valve finally reopens, thereby 
signaling the end of ventricular systole and the reservoir function of the atrium as well as 
marking the beginning of ventricular diastole and the onset of the atrial conduit function 
(Abhayaratna et al, 2006; Boulpaep, 2012). 
The Conduit Function 
Once the mitral valve opens, blood flows down the pressure gradient from the 
pulmonary veins through the left atrium and into the left ventricle; it is in this way that 
the left atrium acts as a passive conduit (Rosca et al, 2011; Debonnaire et al, 2013). 
However, the presence of the conduit function of the left atrium in the cardiac cycle is as 
much the result of the active action of the left ventricle as it is the passive properties of 
the atrium. While it is true that the pressure gradient across the mitral valve determines 
the speed and amount of ventricular filling, the gradient does not exist solely because of 
the amount of blood stored in the atrium (Appleton, 2008). After contraction during 
systole, the left ventricle exhibits an active relaxation, using energy to create a suction 
effect by which the ventricle enhances the flow of blood across the mitral valve 
(Appleton, 2008; Carroll & Hess, 2005). This diastolic suction is thought to arise from 
the compression of the ventricular myocardial wall during systole, during which it stores 
elastic energy that is eventually discharged to reduce ventricular pressure and to increase 
the pressure gradient between the ventricle and atrium (Hori et al, 1982; Gilbert & 
Glantz, 1989). 
The left atrium fulfills its role as a conduit during the phases of early ventricular 
diastole and diastasis in the cardiac cycle (Debonnaire et al, 2013; Abhayaratna et al, 
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2006). In early ventricular diastole, a large volume of blood fills the left ventricle, 
increasing the chamber volume proportionally (Boulpaep, 2012). Initially, since the 
mitral valve is open, the pressures in the left atrium and left ventricle both move in 
parallel to one another despite the decreasing atrial volume (Boulpaep, 2012). However, 
once the first rush of blood has passed, the pressure in the left atrium falls and the 
ventricle approaches its end-diastolic volume, decreasing the pressure gradient between 
the chambers until the flow is minimal; it is at this point that the cardiac cycle moves into 
the period of diastasis (Rosca et al, 2011).  During diastasis, blood continues to flow 
through the left atrium into the ventricle below, albeit at a much slower rate, until the left 
atrium depolarizes and becomes a booster pump (Boulpaep, 2012).  
The Booster Pump Function 
During late ventricular diastole, the myocardium of the left atrium depolarizes and 
contracts, pushing an additional final amount of blood into the left ventricle and 
completing the process of ventricular filling (Debonnaire et al, 2013; Saladin, 2012). By 
pushing the ventricle to reach its final end-diastolic volume, this booster pump function 
causes the pressure in the ventricle to exceed that of the atrium, causing the mitral valve 
to close, and the process of isovolumetric contraction to begin again (Opie, 2005; Katz, 
2001). Due to the fact that most ventricular filling has already occurred in early 
ventricular filling and diastasis this booster pump function does not contribute a great 
deal of blood to the ventricle (Katz, 2001). However its importance lies in the fact that by 
contracting, the atrium is able to provide a short spike in end-diastolic pressure while 
avoiding a physiological need for the atrium to exhibit a high pressure for the duration of 
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ventricular diastole (Katz, 2001). It has also been shown that this booster pump function 
holds even more significance in diseased hearts, especially those in which the compliance 
of the left ventricle has decreased as the atrium will increase its contractile strength to 
maintain a normal cardiac output (Kuo et al, 1987). The three functions of the left atrium 
as defined by the changes in pressure and volume associated with the left ventricle in the 
cardiac cycle are shown below in Figure 1 and Figure 2.  
 
 
Figure 1: Normal Left Atrial Pressure-Volume Loop – This figure demonstrates the 
three roles of the left atrium (LA) as it changes in both pressure and volume throughout 
the cardiac cycle. The reservoir function begins at closure of the mitral valve (MV) when 
the LA is at its lowest volume, and ends at the opening of the MV when it has achieved 
its maximum volume. Once the MV opens, the conduit function begins, with a passive 
emptying function (EF) into the left ventricle (LV) that decreases both the pressure and 
volume in the LA. When the LA volume has decreased to a given point and the P wave 
occurs, the LA contracts and becomes an active booster pump to push its last amount of 
blood into the LV. (Figure taken from Hirose et al, 2012). 
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Figure 2: Mechanical Events of the Cardiac Cycle for the Left Atrium and Ventricle 
This figure demonstrates the events of the cardiac cycle as they occur in both the left 
atrium (LA) and left ventricle (LV). The heart in (a) demonstrates the LA booster pump 
function at the end of ventricular diastole as the LA pushes its last remaining volume of 
blood into the LV, increasing the pressure in the LV so it exceeds that in the LA and to 
closes the mitral valve (MV). Isovolumetric contraction is shown in (b) as both the MV 
and aortic valve (AoV) are closed, and the LV raises its pressure further to open the AoV. 
Meanwhile, the LA is collecting blood as a reservoir and increasing its internal pressure. 
Pictures (c) and (d) depict the events of ventricular systole; note how the LA fills with 
blood as the LV contracts and moves blood through the AoV into the systemic 
circulation. Picture (e) shows isovolumetric relaxation of the LV as the AoV has closed 
and the pressure within the LV begins to fall until it is once again below that of the LA. 
When this occurs, the atrioventricular pressure gradient is restored and the MV reopens 
(as shown in picture (f)). Pictures (f) and (g) demonstrate the conduit function of the LA 
as blood flows into the LV through a combination of passive action due to the favorable 
atrioventricular pressure gradient and active diastolic suction by the LV. (Figure taken 
from Opie, 2005). 
 
 
 
Diastolic Dysfunction 
As shown in the preceding sections, normal diastolic function begins with 
isovolumetric relaxation of the ventricle and continues through a period of filling that 
ends with mitral valve closure (Bonnema et al, 2008). As it normally occurs, diastolic 
function occurs with a distensible and compliant left ventricle and atrium, and a low 
pressure in the left ventricle, both of which help to facilitate ventricular filling (Bonnema 
et al, 2008; Oh et al, 2006). However, whether through various states of disease or even 
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the normal process of aging, diastolic dysfunction may arise. This dysfunction in 
ventricular diastole may manifest from a disease that incites any number of mechanical 
factors, including impaired ventricular relaxation and decreased compliance or altered 
structure of the atria and ventricles (Bonnema et al, 2008). It is generally characterized by 
an inability of the left ventricle to sufficiently lower its pressure during relaxation, 
causing a decrease in ventricular filling and an increase of internal pressure for the 
pulmonary veins, left atrium and left ventricle itself (Carroll & Hess, 2005).  
Categories of Diastolic Dysfunction 
Currently, diastolic dysfunction is classified into three different categories: 
impaired myocardial relaxation (Grade I/mild), pseudonormalized (Grade II/moderate) 
and restrictive filling (Grades III-IV/severe), with ventricular filling pressure increasing 
as each level advances (AlJaroudi et al, 2012).  It is interesting to note that these three 
types of diastolic dysfunction are independent of the underlying pathologic cause, in that 
different diseases will affect the same given diastolic properties (Appleton, 2008). 
Impaired myocardial relaxation (Grade I) is due to a slowed relaxation in the left 
ventricle with a normal pressure and volume exhibited by the left atrium, albeit with 
heightened booster pump function (Xie et al, 1996; Casaclang-Verzosa et al, 2008). The 
reduced ventricular relaxation, and resultant slower decrease in left ventricular pressure, 
causes the mitral valve to remain closed longer and ultimately leads to a decreased 
amount of ventricular filling in early diastole (Gilbert & Glantz, 1989). There is an 
increased amount of ventricular filling in late diastole as atrial systole takes on an 
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increased role (Zhang & Yu, 2007). It is the first diastolic abnormality seen in most 
cardiac diseases and it even appears normally with aging (Oh et al, 2006).  
Pseudonormalized patterns arise when the compliance of the left ventricle 
decreases in addition to the existing impaired relaxation, and symptoms of heart failure 
begin to appear (Appleton, 2008). The average pressure and size of the left atrium 
increases as well to increase the pressure gradient across the mitral valve and produce a 
semi-normal pattern of ventricular filling in that the mitral valve opens earlier and 
increases ventricular filling in early diastole (Appleton et al, 1988; Oh et al, 2006). It is 
important to note that this increased filling in early diastole is due only to the increased 
atrioventricular pressure gradient and not the ventricular suction seen in normal diastole 
(Appleton, 2008). 
Finally, once the ventricular wall becomes even more impaired in regards to 
relaxation and compliance and atrial pressure has been pushed to its highest point, the 
restrictive filling pattern of diastolic dysfunction is evident (Appleton, 2008). In this 
stage, the heightened atrial pressures cause most ventricular filling to occur in early 
diastole, however due to the constant high pressure placed on the atrium, it loses its 
booster pump function and cannot provide any additional filling in late diastole 
(Rosenberg & Manning, 2012; Zhang & Yu, 2007). Patients with patterns of restrictive 
filling often have serious diseases, such as advanced coronary artery disease, and show 
severe symptoms associated with heart failure (Oh et al, 2006). 
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Effect of Diastolic Dysfunction on the Left Atrium 
According to Yip and Yu (2007) and Nakatani (2008), left atrial size can act as a 
reliable prognosticator of diastolic dysfunction as well as other diseases including atrial 
fibrillation and stroke. This is due to the fact that diastolic dysfunction in the left ventricle 
can have many ill effects on the left atrium of patients since the left atrium and left 
ventricle are interdependent -- the diastolic function of the left ventricle is mirrored in the 
function of the left atrium itself (Lee et al, 2013).  
Studies have shown that as diastolic dysfunction progresses in a patient, the left 
atrium has been found to increase both in size and volume; a secondary effect of the 
underlying disorder (Oh et al, 2006; Tops et al, 2007). This remodeling of the left atrium 
occurs over time in response to the increased diastolic pressures it is exposed to from the 
left ventricle as it becomes less compliant; in order to maintain a normal stroke volume, 
the left atrium will increase its own pressure during diastole to keep the pressure gradient 
between the chambers intact (Tsang et al, 2002). The physical manifestations of this 
atrial remodeling are seen in increased cardiomyocyte growth, hypertrophy of the atrial 
wall, and even in a reshuffling of the proportion of its three functions as a reservoir, 
conduit and booster pump (Casaclang-Verzosa et al, 2008). For example, in the initial 
diastolic dysfunction phase of impaired relaxation, the atrium will decrease its time spent 
as a conduit while increasing its ability to act as a reservoir and booster pump so as to 
restore the favorable atrioventricular pressure gradient that was upset by the appearance 
of heightened pressure in the ventricle during early diastole and to force enough blood 
into the ventricle to maintain a normal ejection fraction (Zhang & Yu, 2007). 
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Specifically, the atrium remains as a reservoir for an extended period of time since it 
takes longer for the ventricle to relax and for the ventricular pressure to fall along with it; 
therefore the mitral valve remains closed longer and increases the time for atrial filling 
(Appleton, 2008).  
With the progression of left ventricular diastolic dysfunction to pseudonormal or 
restrictive filling patterns over time, the atrium acts more as a conduit due to the myocyte 
hypertrophy that occurs in response to prolonged use of the booster pump, and impedes 
the normal compliance of the atrium (Casaclang-Verzosa et al, 2008; Zhang & Yu, 
2007). Additionally, with each passing phase, the pressure inside the atrium increases 
until the atrium eventually fails completely (Carroll & Hess, 2005; Appleton, 2008). It is 
important to remember that the atrial remodeling described above is a secondary response 
to an underlying disease that primarily afflicts the ventricles; there are diseases, such as 
cardiac amyloidosis, that are infiltrative and will affect atrial and ventricular function 
equally by invading the cardiac tissue directly. 
 
Established Imaging Techniques in Assessment of Diastolic Dysfunction 
At the most basic level, the filling pattern of the left ventricle is due to the 
pressure gradient across the mitral valve produced by the combination of ventricular 
suction and relaxation, the compliance and distensibility of the atrial and ventricular 
walls and the pressure stored in the left atrium (Kono et al 1992; Appleton, 2008). 
Therefore, when assessing a patient with a potential diastolic dysfunction, it is helpful to 
use imaging techniques that focus in on the events of ventricular filling in diastole, as 
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such a process concerns both the atria and ventricles. For this reason, and for their 
noninvasive nature, the use of Doppler echocardiography and tissue Doppler imaging 
(TDI), used to measure mitral flow patterns and regional myocardial velocity 
respectively, are widely accepted tools of diagnosis (Beller, 2005; Nishimura & Tajik, 
1997). 
Mitral Flow Doppler Echocardiography 
Doppler echocardiography is one of the main starting points in the assessment of 
the diastolic function of the left ventricle as it has been shown to be effective in revealing 
any patterns associated with disease in ventricular diastolic filling (Carroll & Hess, 2005; 
Xie et al, 1996). It can be used to measure the velocity of the inflow of blood to the left 
ventricle across the mitral valve, and from this measurement the relative ventricular 
diastolic function and atrial booster pump contribution to ventricular filling can be 
assessed (Kuo et al, 1987; Spencer et al, 2001). This tool creates representation of the 
amount of ventricular filling that occurs in early diastole (noted as the E-wave) and late 
diastole (noted as the A-wave, which is due to the booster pump function of the atrium), 
the deceleration time of the E-wave and the isovolumetric relaxation time (Oh et al, 
2006; Yip & Yu, 2007).  In detail, patients without any cardiac abnormalities demonstrate 
an E-wave/A-wave (E/A) ratio greater than 1, a rapid deceleration time for the E-wave, 
and a short isovolumetric relaxation time (Carroll & Hess, 2005). Patients with impaired 
ventricular relaxation exhibit an E/A ratio less than 1 and a prolonged E-wave 
deceleration and isovolumetric relaxation time (Carroll & Hess, 2005). The prolonged 
isovolumetric relaxation and increased A-wave are due to the fact that the mitral valve 
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remains closed longer as a result of the slower decline in ventricular pressure, allowing 
more ventricular filling to occur in late diastole with the atrial booster pump function (Oh 
et al, 2006; Appleton, 2008). Patients with pseudonormalized filling patterns will have a 
relatively normal E/A ratio and E-wave deceleration time, but a prolonged isovolumetric 
relaxation time (Oh et al, 2006; Carroll & Hess, 2005). Finally, patients with a restrictive 
filling pattern will exhibit a very high E/A ratio, a rapid E-wave deceleration and a 
decreased isovolumetric relaxation time, all due to the high pressures within the left 
atrium that force early opening of the mitral valve (Oh et al, 2006). Figure 3 
demonstrates the representative appearance of these factors in a normal heart and one in 
each phase of diastolic dysfunction.  
Tissue Doppler Imaging 
Tissue Doppler imaging (TDI) is another widely used method for assessing states 
of diastolic dysfunction that has been shown to accurately assess regional function in the 
left ventricle and atrium (Liu et al, 2012). It differs from the mitral flow Doppler 
echocardiography described in the previous section in that TDI is used to generate data of 
the velocity of a specific region of the myocardium as opposed to the velocity of blood 
flow (Garcia, 2008; Zhang & Yu, 2007). In fact, it has been postulated that TDI may be a 
better technique for distinguishing diastolic dysfunction in patients due to the fact that its 
parameters are less dependent on preload than those in other Doppler methods (Garcia, 
2008; Ho & Solomon, 2006). 
 For a selected region of myocardium, TDI will generate two waveforms: one of 
myocardial velocity during the early filling period of diastole (E’) and a one waveform 
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corresponding to the velocity of the wall during atrial systole in late ventricular diastolic 
filling (A’) (Ho & Solomon, 2006; Garcia, 2008). It should be noted that these 
waveforms are formed as the mirror images of the E-wave and A-wave formed in mitral 
flow Doppler echocardiography (Garcia, 2008). In certain phases, namely normal patients 
and those presenting impaired relaxation, the E’/A’ ratios mirror the E/A ratios found in 
mitral flow Doppler echocardiography. Just like the E/A ratio produced in mitral flow 
echocardiography by normal patients, the normal TDI E’/A’ ratio is greater than 1, and 
upon the appearance of impaired ventricular relaxation, the E’/A’ ratio falls below 1, just 
as the E/A ratio does with the arrival of impaired relaxation (Bonnema et al, 2008). The 
progression differs at this point as in the pseudonormal pattern, the ratio remains below 1, 
whereas in restrictive filling patterns, the E’/A’ ratio rises to slightly above 1, however, 
the maximum value achieved by both E’ and A’ decreases in this final phase (Bonnema 
et al, 2008).  
Interestingly, the E’ waveform from TDI can be compared with the E-wave from 
mitral inflow echocardiography as a measure of diastolic dysfunction in the E/E’ ratio. In 
normal diastolic function the ratio is seen to be less than 10, in impaired relaxation the 
ratio generally falls below 8, and finally in both pseudonormalized and restrictive filling 
patterns the E/E’ ratio rises to above 15 (Merlino & BeDell, 2007; Oh et al, 2006).  
Figure 3 also demonstrates the waveforms produced by TDI in addition to those of mitral 
flow Doppler echocardiography. 
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Figure 3: Types of Diastolic Dysfunction and their Echocardiographic Depiction – 
This figure demonstrates the typical waveforms produced by both mitral inflow Doppler 
echocardiography and tissue Doppler imaging (TDI) in normal patients and the changes 
that occur through the three stages of diastolic dysfunction. Note that the TDI waveforms 
are in the row labeled as ‘mitral annulus velocity’ in reference to the typical location that 
the data is taken from in this scan. The mitral flow waveforms show the location and size 
of the E-wave and A-wave. The gap between the E- and A-waves represents the period of 
diastasis in the cardiac cycle. The TDI waveforms on the bottom row depict the 
myocardial velocity associated with early ventricular diastole (E’) and late ventricular 
diastole with the atrial booster function (A’). (Figure taken from Oh et al, 2006). 
 
 
 
Cardiac Amyloidosis 
Amyloidosis is a disorder of protein misfolding that is characterized by the 
disruption of normal organ function due to the appearance of insoluble β-sheet fibril 
aggregations (Picken et al, 2012). To date, five main categories of amyloidosis have been 
identified based on the specific protein that is misfolded: primary systemic (AL), 
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secondary systemic (AA), senile systemic (SSA), hereditary (ATTR) and hemodialysis-
related amyloidosis (Rivera & Vicenty, 2008).  
When the misfolded fibrils appear between the myocytes of the heart, the 
amyloidosis is specifically referred to as cardiac amyloidosis (Falk, 2005). Of the five 
aforementioned categories, cardiac amyloidosis is often identified in the AL category, 
which is caused by misfoldings of immunoglobulin light chain proteins, or in the 
categories of SSA and ATTR which are both due to misfoldings in the protein 
transthyretin (Quarta et al, 2012). Regardless of the underlying cause of an amyloidosis 
case, the disease is rapidly progressive and if it affects the heart, it can lead to death in 
fewer than six months if left untreated (Kapoor et al, 2011; Falk, 2005). 
The symptoms associated with cardiac amyloidosis often present as abnormalities 
in cardiac conduction, vasculature or most notably, symptoms of congestive heart failure 
(Rivera & Vicenty, 2008; Falk & Dubrey, 2010). The amyloid fibrils may uniformly 
invade the myocardial tissue and affect both the atria and ventricles, as seen in the 
thickening of the walls of these chambers (Guan et al, 2012; Falk & Dubrey, 2010). As 
the fibrils deposit between the myocytes in the ventricles, thickening the walls, the ability 
of the ventricle to contract becomes inhibited, yet the heart maintains an approximately 
normal ejection fraction due to the enlarging of the atria (Falk & Dubrey, 2010). 
However, further infiltration of the atrium by the amyloid fibrils eventually adversely 
affects their normal distensibility to a point where the atria act as nothing more than 
conduits for the flow of blood (Falk & Dubrey, 2010). Based upon the effect of the 
amyloid fibrils in causing ventricular thickening and an impairment of ventricular 
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relaxation and elasticity, cardiac amyloidosis is usually classified as a restrictive 
cardiomyopathy (Guan et al, 2012). 
Generally, the main problem in diagnosing cardiac amyloidosis concerns the fact 
that it is an uncommon malady and the symptoms that present can be indicative of a 
number of disorders; as such, cardiac amyloidosis is often undiagnosed until the disease 
has progressed to a certain extent (Falk & Dubrey, 2010; Banypersad et al, 2013). 
Therefore, the exact length of time it takes from the onset of amyloid deposition in 
cardiac tissue for the patient to develop health issues remains unknown (Leone et al, 
2012). Once the disease has attained a certain level, techniques such as 
electrocardiograms (ECGs) and imaging methods like echocardiography become useful 
in diagnosis, as the physician may use the ECG to note issues with cardiac conduction or 
the echocardiogram to identify thickened heart walls (Figure 4) (Banypersad et al, 2013; 
Quarta et al 2012). In the case of cardiac amyloidosis, since it is an under-diagnosed 
disease, there is a potential benefit to using tissue Doppler imaging and the newer 
technique of speckle tracking strain echocardiography, which have shown a promising 
ability to identify this disease (Falk & Dubrey, 2010). 
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Figure 4: Echocardiogram of Normal Patient vs. Cardiac Amyloidosis Patient - The 
image on the left shows the echocardiogram of a normal patient, while the image on the 
right demonstrates that of a patient with cardiac amyloidosis. The key difference is the 
variation in the thickness of the heart walls between the patients. Specifically, note the 
thicknesses of the heart walls between the left ventricle (LV) and right ventricle (RV) and 
between the RV and aorta (Ao) for each patient. In the patient with cardiac amyloidosis 
(right image), these walls are much thicker; this is indicative of amyloid deposition in 
cardiac tissue. Additionally, the left atrium (LA) has become severely enlarged. As the 
amyloid increases the thickness of the heart walls, it decreases their compliance, which 
negatively impacts the ability of the heart to move blood throughout the body. 
Ultimately, this will cause the symptoms associated with congestive heart failure. (Figure 
taken from Quarta et al, 2012). 
 
 
 
Speckle Tracking Echocardiography 
Speckle tracking echocardiography (STE) has recently emerged as a new, non-
invasive imaging technique for the analysis of cardiac function (Okamatsu et al, 2009). It 
is similar to tissue Doppler imaging (TDI) in that it can be used to measure the velocities 
of selected myocardial segments and then to calculate parameters such as the strain and 
strain rate of the tissue. Strain is defined as the percent change in length exhibited by a 
selected tissue region as that tissue moves away from a given starting length; strain rate 
itself is a dimensionless quantity (Garcia, 2008; Forsey et al, 2013).  
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STE is so-named because it is an offline analytic program that makes use of 
‘speckles’ that appear as a result of the random scattering, bending and reflection of the 
ultrasound beams when a technician is obtaining an echocardiogram (Blessberger & 
Binder, 2010). The STE software identifies clusters of these ‘speckles’, known as 
‘kernels’, in the selected region of interest and uses an algorithm to track them 
throughout each frame of the digitally recorded echocardiogram (Blessberger & Binder, 
2010; Bjork-Ingul & Aase, 2007). It is important to note that each portion of the 
myocardial tissue in the selected investigative region will have its own unique ‘speckles’ 
and ‘kernels’; they can be thought of as the fingerprints of the tissue (Geyer et al, 2010). 
Based on the movement of these kernels from frame to frame, the software is able to 
determine the tissue velocity and strain rate (Bjork-Ingul & Aase, 2007; Okamatsu et al, 
2009). The program can then create a representation of the tissue strain, which will have 
the basic characteristics shown in Figure 5. 
When STE first appeared, a great deal of studies focused on using this imaging 
technique to assess ventricular function during systole, diastole and various states of 
disease; as a result, representative waveforms and peak strain values have been well 
established for the ventricle (Blessberger & Binder, 2010). More recent studies have 
moved towards using STE in the assessment of left atrial function, and many of them 
have been successful in demonstrating that the generated strain tracings are highly 
representative of the three physiologic functions of the left atrium (Cameli et al, 2009; 
Thomas et al, 2007). 
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Figure 5: Speckle Tracking Echocardiography Strain Trace – This figure shows the 
typical output of a speckle tracking strain trace. Strain (measured in percentage) is shown 
on the y-axis, while time (in seconds) occupies the x-axis. In systole, the myocardial 
tissue shows a negative strain due to the fact that it is shortening as it contracts. In 
diastole, the tissue relaxes and exhibits a positive strain. (Figure taken from Garcia, 
2008). 
 
 
 
Advantages and Drawbacks of Speckle Tracking Echocardiography 
 Advantages Of Strain Measurement Over Mitral Flow and TDI 
As it is a relatively new imaging technique, the full potential of STE as a 
diagnostic tool is still unknown. Several studies have shown that the strain curves of 
myocardial tissue generated by STE can create an accurate assessment of the events of 
	  21 
the cardiac cycle as STE has shown a high correlation to the data produced by both TDI 
and mitral flow echocardiography (Geyer et al, 2010; Thomas et al, 2007).  
Theoretically, STE possesses a distinct advantage over both mitral flow 
echocardiography and TDI. Mitral flow echocardiography is a well-established diagnostic 
tool used to interpret diastolic function of the left ventricle, and more recently the left 
atrium as well (Appleton, 2008). As previously stated, mitral flow echocardiography 
measures the velocity of blood flow across the mitral valve (Spencer et al, 2001). When 
used to assess either left ventricular or left atrial diastolic function, however, although the 
technique has been proven to have significant merit, it still represents an indirect marker 
of the functionality of the myocardium of each chamber (Inaba et al, 2005). 
The case with TDI is similar. As mentioned, TDI is an established technique used 
in the assessment of left ventricular and atrial diastolic function that measures the 
velocity of a selected myocardial region (Garcia, 2008). However, a concern arises as the 
TDI technique usually generates waveforms by scanning the mitral annulus, a collection 
of ventricular myocardial tissue that surrounds the mitral valve (Garcia, 2008; Saladin, 
2012). These annular waveforms are then used to draw conclusions about the 
functionality of the atrium based on the changes seen in the ventricular myocardial wall, 
and represent another indirect method of left atrial myocardial assessment (Inaba et al, 
2005). Additionally, generation of waveforms in TDI is highly dependent on the angle at 
which the tissue is scanned, and the technique itself has been known to exhibit a 
‘tethering’ phenomenon, in which it incorrectly registers non-contractile scar tissue in a 
given region of interest as contractile tissue when actual adjacent myocardial tissue 
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contracts during systole and pulls the scar tissue along (Tops et al, 2007; Blessberger & 
Binder, 2010). 
As shown, both TDI and mitral flow echocardiography offer indirect assessments 
of atrial function. In this regard, STE possesses a distinct advantage over both of these 
techniques as in a selected region of interest, STE hones in on actively contracting 
myocardial tissue as a result of its algorithm and directly assesses myocardial function 
using the measurements of strain and strain rate (Blessberger & Binder, 2010; Tops et al, 
2007).  Strain and strain rate are valuable tools of assessment as they give a measure of 
the degree of the contraction and relaxation exhibited by the myocardial tissue; a tissue 
segment undergoing contraction will yield a negative strain, while relaxing tissue will 
demonstrate a positive strain (Blessberger & Binder, 2010). Furthermore, strain imaging 
has been noted to demonstrate a high level of accuracy in the identification of subtle 
changes in the myocardium that occur with progression of disease (Armstrong, 2005). 
Drawbacks of Speckle Tracking Echocardiography 
Despite its potential to directly and specifically assess atrial myocardium, there 
are noted problems that have been found in STE. Primarily, there is a tendency for the 
‘speckles’ and ‘kernels’ to move out of frame on any given echocardiogram due to the 
natural movement of the heart during the cardiac cycle (Blessberger & Binder, 2010). 
Additionally, the ‘speckles’ may be obscured by clutter, or ‘speckle noise’ in 
echocardiograms of poor image quality (Sun, 2007). As STE depends on these to 
effectively track the myocardium, it stands to reason that STE may not produce accurate 
measurements of strain and strain rate if the ‘speckles’ disappear or are obscured. 
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Another consideration that must be applied to STE is the fact that the algorithm 
that forms the foundation of the technique is designed to assess ventricular function, not 
to perform analysis of left atrial strain (Ersbøll et al, 2013). As such, the algorithm does 
not account for the difference in myocardial thickness that exists between the thin-walled 
atrium and the thick-walled ventricle (Tops et al, 2007). How this affects the ability of 
the program to track the atrial myocardium and what it means in regards to the generated 
data is presently unknown. 
 Use of Speckle Tracking Echocardiography in Assessing Atrial Function 
 Despite its potential limitations, STE still stands as an interesting imaging 
modality because it generates highly reproducible data, and it allows for the evaluation of 
global or segmental longitudinal strain and strain rate of a chamber (Belghitia et al, 2008; 
Geyer et al, 2010). As previously stated, several studies, among them Cameli et al (2009) 
and Thomas et al (2007), have found success in correlating STE-generated strain curves 
with physiologic atrial function. However, the vast majority of these studies use STE 
solely to assess global functioning of the atrium, in which strain data is generated for 
every segment of the atrial wall. As mentioned earlier, a major problem with STE arises 
in the tendency of the ‘speckles’ to become obfuscated or disappear altogether (Sun, 
2007; Blessberger & Binder, 2010). It is possible that the potential for this problem to 
arise may be increased as more segments are traced and the algorithm of the program is 
forced to search for the acoustic markers in atrial segments that may not appear with the 
highest quality on the echocardiogram. The additional concern raised by Ersbøll et al 
(2013) about the absence of software adjustment for tracing the thinner atrial walls leads 
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to the question of whether global atrial strain analysis is the best method to assess 
physiologic left atrial function. 
 
Statement of Purpose 
This study sought to accomplish the following: 
1) We hypothesized that segmental STE analysis of the interatrial septum can 
accurately assess left atrial function, possibly as effectively as global STE 
analysis of the entire atrium.  
2) We sought to evaluate the patterns of atrial strain seen in patients with cardiac 
amyloidosis, in whom the atrium is infiltrated with amyloid, and in whom a 
restrictive pattern is common. When gathering scans of the restrictive filling 
pattern of diastolic dysfunction for this study, we looked exclusively at 
patients afflicted with cardiac amyloidosis, as they represent a population of a 
serious, yet under-diagnosed disease. 
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METHODS 
Study Design 
The echocardiograms of 37 patients were obtained for analysis for the purposes of 
this study. Based on the cardiac function observed in his or her echocardiogram, each 
patient was placed in one of three groups: normal, abnormal/disease, and amyloid. In all, 
there were 11 patients that exhibited normal heart function, 12 patients with abnormal 
heart function, and 14 patients that showed various states of amyloidosis. With the 
exception of the date of birth, all patient information was kept confidential, so no 
comments can be made in regards to whether a given patient had any familial history of 
heart disease, nor can there be any direct comments on the medications that a patient may 
be taking.  
 
Speckle Tracking Strain Analysis 
Analysis of each echocardiogram using speckle tracking was accomplished from a 
four-chamber apical view, which, as the name suggests, shows a view of the four 
chambers of the heart. The apical designation is important as it allows the program to 
effectively track the longitudinal strain of the myocardium as opposed to the radial or 
circumferential strain. Additionally it should be noted that all of the digital 
echocardiogram data utilized in the study were the products of initial echocardiogram 
examinations that were previously carried out by trained technicians. This was to ensure 
that the echocardiogram used for analysis was of a sufficient quality, determined to be at 
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least 40 frames per second. Each echocardiogram image was obtained through standard 
two-dimensional grey scale echocardiography. 
The digital echocardiogram recordings were examined via offline analysis with 
EchoPAC software (General Electrics Healthcare, USA), a program designed to track the 
acoustic markers of ‘speckles’ and ‘kernels’. The program enables the user to manually 
trace a desired region of interest in the myocardium through a point-and-click approach 
in which the user places markers around the endothelium of the chamber. The EchoPAC 
program is described as semi-automated because once the user sets the region of interest 
the program automatically divides the myocardium into segments and attempts to track 
the tissue. The program will inform the user whether or not it can locate enough speckle 
data to accurately track a given segment in the selected region by designating the section 
as ‘Approved’ or ‘Not Approved’. The user then has the opportunity to manually correct 
given markers on the tracing or to choose to override the designations of the program. 
When tracing the interatrial septum, the program creates three distinct segments: basal 
septum, mid septum, and apical septum. A tracing of the entire left atrium includes the 
three septal segments and yields three additional segments: apical lateral wall, mid lateral 
wall and basal lateral wall. It should be noted that the names of these segments refer to 
those that the program expects to find in the ventricle. A representative example of these 
segments in an apical four-chamber view can be seen in Figure 6. 
Once the myocardial tracing is determined to be acceptable by the program, strain 
curves for each individual segment are generated as well as one composite strain curve 
that represents the mean of all segmental strain curves. The peak of this composite strain 
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curve was located on both the interatrial septum and global left atrium tracings for each 
patient and the value was recorded. These mean peak strain values were averaged among 
the patient groups and used for comparison between normal, abnormal and cardiac 
amyloidosis groups as a measure of cardiac dysfunction. Additionally, the amount of 
segments found to be acceptable by the EchoPAC software were recorded for both 
interatrial septum and global atrium scans and used as a method of comparison between 
the two tracking methods.  
 We also assessed the scans in a purely visual nature, gathering a general 
knowledge of the spread of the segmental traces about the mean strain curve and taking 
note of any traces that did not appear to follow the pattern of strain exhibited by the 
curves of other segments in the same scan; for example, if one segment should produce a 
negative strain curve while all of the other segmental strain curves demonstrate positive 
strain curves. If found, these segments were recorded and cross-referenced with whether 
or not the EchoPAC software had found a sufficient amount of ‘speckles’ approved their 
tracing. If the software had indeed approved the tracking of these segments, they were 
labeled as ‘discordant’. 
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Figure 6: Four-Chamber Apical View of Speckle Tracking Strain Segments – This 
image, taken from one of the patients in this study, is a representative example of the 
four-chamber apical view used in speckle tracking analysis for this study. Though it may 
be apparent upon inspection, the four-chamber apical view is so named because it 
accurately shows the four heart chambers. Clockwise from bottom right: the right atrium 
(RA), right ventricle (RV), left ventricle (LV) and left atrium (LA). The six segments of 
the left atrium as they appear beginning with the yellow segment are as follows: basal 
septum (basSept), mid septum (midSept), apical septum (apSept), apical lateral wall 
(apLat), mid lateral wall (midLat), and the basal lateral wall (basLat). Since the software 
was designed for the ventricle, the segments labeled apSept and apLat are actually those 
of the posterior atrial wall. Throughout this paper, they are referred to by the names 
assigned by the STE trace for purposes of continuity. 
 
 
 
Correlation of STE Trace of Interatrial Septum to Atrial Function 
After gathering the data from the comparison of the STE traces of the global 
atrium and interatrial septum, we wished to explore the potential of correlating the strain 
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curves of the interatrial septum with data gathered from mitral flow and TDI scans. To 
investigate this, we chose a select group of four specific patients: one patient with normal 
cardiac function, and three patients that we felt best represented the three stages of 
diastolic dysfunction. The STE-generated strain curves for the interatrial septum were 
then compared to the waveforms of mitral inflow and TDI for each of the selected 
patients. The actual correlation process focused less on exact measurements and 
percentages and more on the patterns exhibited by the strain curves and the feasibility of 
identifying similar indicators of physiologic function in the appearance of the E- and A-
waves in the mitral inflow waveforms, and the E’- and A’-waves in TDI.  
 
Statistical Analysis 
All numeric data are expressed as mean ± standard deviation (SD). When 
appropriate, statistical significance between two groups of data was assessed using the 
unpaired student t-test; a value of p less than 0.05 was determined to be a sufficient cutoff 
for statistical significance. All data analysis was performed with Microsoft Excel 
software (Microsoft, USA). 
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RESULTS 
Mean Peak Strain Among Groups 
 The mean peak strain data obtained through STE analysis of all 37 patients is 
shown in Table 1. Beginning with the mean peak strain identified by STE tracking of the 
global left atrium, the group of patients with normal echocardiograms (mean age 35±6.9) 
demonstrated a significantly higher strain percentage than both the group of patients with 
abnormal echocardiograms (mean age 70.2±8) (p = 0.005) as well as the group of 
amyloidosis patients (mean age 66.7±10.1) (p<0.0001). The abnormal patients had a 
higher strain percentage than the amyloidosis patients, a result that was also found to be 
statistically significant (p = 0.006). 
The same results were found when considering the values of mean peak strain in 
the interatrial septum as the normal group showed the highest value by a significant 
margin over the abnormal (p<0.0001) and amyloidosis groups (p<0.0001). Again, the 
abnormal patient group achieved a significantly higher strain percentage than the 
amyloidosis group (p = 0.001).  
Table 1: Measurements of Mean Peak Strain by Group – This table contains the data 
gathered from the three groups in this study. All data is shown as the mean ± standard 
deviation. ‘Global LA’ refers to the data obtained from a strain trace of the entire left 
atrium, while ‘IAS’ refers to that of the interatrial septum. Group size is shown in 
parentheses next to the group name. 
 
 
Normal (n=11) Abnormal (n=12) Amyloid (n=14) 
Age (Years) 35 ± 6.9 70.2 ± 8 66.7 ± 10.1 
Global LA Peak Strain (%) 41.32 ± 10.8 21.69 ± 13.8 10.41 ± 6.9 
IAS Peak Strain (%) 64.2 ± 15.6 28.37 ± 13.4 12.21 ± 12.1 
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Approval and Discord of Segments Among Groups 
The segmental approval and discordance data collected from the STE scans of the 
global atrium are found in Table 2 and that of the STE scans of the interatrial septum are 
contained in Table 3. When comparing the approval percentage of the segments accepted 
by the EchoPAC program after manual tracing in global atrial tracking to those of 
interatrial septum tracing within the same group, a universally higher percentage of 
segments were approved in the global atrial tracking. However, this result did not 
demonstrate statistical significance in the normal group (p=0.619), in the abnormal group 
(p=0.243), or in the amyloidosis group (p=0.168). As an additional note, the amyloidosis 
group exhibited the highest approval rating in both the global atrial and interatrial septum 
tracking while the abnormal group demonstrated the lowest percentage of approved 
segments.  
As found in the global atrium, and shown in Table 2, the percentage of scans 
achieving one hundred percent approval of segments increased from the normal (36.36%) 
to the amyloid group (78.57%). Regarding segmental data among the global STE traces, 
the segments of the interatrial septum exhibited a higher mean approval than those of the 
lateral atrial wall in normal (90.91% vs. 78.78%), abnormal (88.89% vs. 75%) and 
amyloid (95.06% vs. 90.47%) The amyloid group also exhibited the highest percentage 
of scans with a discordant segment (57.14%), followed closely by the abnormal group 
(41.67%).  Among the global left atrial scans of all groups, there were 20 segments that 
exhibited discordant strain patterns, with the apical lateral wall appearing most often. 
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Table 2: Segment Approval and Discord Seen in STE Scans of the Entire Left 
Atrium – This table contains general group data taken from the STE scans of the global 
left atrium as well as individual statistics for each of the six atrial segments. The sample 
size of each group is shown in parenthesis next to the group name. The names of the 
segments have been abbreviated as follows: basal septum (basSept), mid septum 
(midSept), apical septum (apSept), apical lateral wall (apLat), mid lateral wall (midLat), 
and basal lateral wall (basLat). The mean approval percentage for each segment specifies 
the percentage of scans in which the given segment was successfully tracked by the 
EchoPAC software. The row labeled ‘Mean Approval of IAS Segments’ contains the 
mean of the approval percentage of the three segments of the interatrial septum (basSept, 
midSept, apSept), while ‘Mean Approval of Lateral Segments’ contains the mean 
approval percentage of the segments of the lateral wall (basLat, midLat and apLat). 
 
  Normal (n=11) Abnormal (n=12) Amyloid (n=14) 
Overall Segment Approval (%) (mean±SD) 84.82±13.7 81.92±20.7 95.21±10.2 
Number of Scans with 100% Approval 4 5 11 
Scans with 100% Approval (%) 36.36% 41.67% 78.57% 
Total Scans with Discordant Segments 1 5 8 
Scans with Discordant Segments (%) 9.09% 41.67% 57.14% 
  
  
  
Mean basSept Approval (%) 100% 83.33% 100% 
Scans with Discordant basSept Curve 0 0 2 
  
  
  
Mean midSept Approval (%) 81.81% 83.33% 100% 
Scans with Discordant midSept Curve 0 0 0 
  
  
  
Mean apSept Approval (%) 90.91% 100% 85.17% 
Scans with Discordant apSept Curve 0 2 1 
  
  
  
Mean Approval of IAS Segments (%) 90.91% 88.89% 95.06% 
  
  
  
Mean apLat Approval (%) 81.81% 75% 85.71% 
Scans with Discordant apLat Curve 1 3 3 
  
  
  
Mean midLat Approval (%) 81.81% 83.33% 85.71% 
Scans with Discordant midLat Curve 0 3 2 
  
  
  
Mean basLat Approval (%) 72.72% 66.67% 100% 
Scans with Discordant basSept Curve 0 2 1 
  
  
  
Mean Approval of Lateral Segments (%) 78.78% 75% 90.47% 
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As seen in Table 3, the number of STE scans of the interatrial septum achieving 
one hundred percent approval of segments was the lowest in the abnormal group at 50%, 
however the amyloid and normal groups were nearly identical at 64.29% and 63.64% 
respectively. Regarding the percentage of discordant segments, the abnormal (8.33%) and 
amyloid (7.14%) were nearly equal, and both of these percentages were markedly lower 
than those seen in the global atrial strain curves. Of the specific segments recorded, the 
apical septum demonstrated the most discordant appearances with two, which were also 
the only two discordant appearances in the entire group. An example of a discordant 
strain trace is shown in Figure 7. 
Table 3: Segment Approval and Discord Seen in STE Scans of the Interatrial 
Septum – This table contains both general group data as well as individual measurements 
for each of the three segments of the interatrial septum. The names of these segments 
have been abbreviated as follows: basal septum (basSept), mid septum (midSept), and 
apical septum (apSept). The mean approval percentage for each segment specifies the 
percentage of scans in which the given segment was successfully tracked by the 
EchoPAC software. The sample size of each group is listed in parenthesis next to the 
group name. 
 
  Normal (n=11) Abnormal (n=12) Amyloid (n=14) 
Overall Segment Approval (%) (mean±SD) 78.82±34.3 69.5±38.8 88.21±16.4 
Number of Scans with 100% Approval 7 6 9 
Scans with 100% Approval (%) 63.64% 50% 64.29% 
Total Scans With Discordant Segments 0 1 1 
Scans with Discordant Segments (%) 0% 8.33% 7.14% 
  
  
  
Mean basSept Approval (%) 72.72% 66.67% 78.57% 
Scans with Discordant basSept Curve 0 0 0 
  
  
  
Mean midSept Approval (%) 90.90% 75% 100% 
Scans with Discordant midSept Curve 0 0 0 
  
  
  
Mean apSept Approval (%) 72.72% 66.67% 92.85% 
Scans with Discordant apSept Curve 0 1 1 
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Figure 7: STE Strain Trace of Global Left Atrium with Discordant Segment – This 
figure, taken from a scan produced by a patient in the normal group, was determined to 
contain a discordant segmental strain curve. Specifically, the tracing of the apical lateral 
wall produced the curve, seen as the purple line. The approval of the curve by the 
EchoPAC software was verified, as the software had accepted the tracings of all six 
segments for this scan, and the curve of the apical lateral wall was marked as 
‘discordant’. 
 
 
 
Representation of the Spread of Segmental Strain Curves About the Mean 
We qualitatively evaluated the strain curves produced by STE tracings of the 
global left atrium and the interatrial septum in each patient to compare how closely the 
individual strain curves adhered to the mean strain curve and to determine if the curves 
from the different tracings contained similar nuances. After reviewing the scans of every 
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patient, there does appear to be a correlation between the global atrial tracings and those 
of the interatrial septum. A representative example is shown in the following scans taken 
from the same normal patient, which demonstrate similar curvature, but distinctly 
different distributions of the segmental strain curves around the mean curve (Figure 8 
and Figure 9).  
 
Figure 8: STE Strain Curve of the Global Left Atrium in a Normal Patient – This is 
the STE strain curve obtained from the global tracing of the left atrium in Patient 1. 
Strain is measured as the percent change in length of the myocardium, and it is 
represented on the y-axis. The x-axis depicts the time (in milliseconds). The mean strain 
curve is seen as the dotted white line. All six segments are represented and aortic valve 
closure (AVC) is denoted. The mean peak strain of 37.69% appears at 465ms, after AVC. 
Note the spread about the mean strain curve (white dotted line) among the six segments 
of the atrium, from the apical lateral wall (purple line) exhibiting the minimum strain and 
the basal lateral wall (red line) showing the highest strain.  
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Figure 9: STE Strain Curve of the Interatrial Septum in a Normal Patient– This is 
the STE strain curve obtained from the tracing of the interatrial septum in Patient 1. As in 
the global strain trace, the y-axis represents the strain, or percent change in length of the 
myocardium, and the x-axis is time in milliseconds. All three segments of the interatrial 
septum (basal, mid and apical septum) are represented, though they are difficult to 
decipher, as all three are located within a short range of the mean strain curve (dotted 
white line). Aortic valve closure (AVC) is marked, and the mean peak strain of 77.44% 
appears at 392ms, slightly after AVC. Based on the observed changes in myocardial 
strain, the occurrences of the three physiologic functions of the atrium are marked 
accordingly. 
 
 
 
Correlation of Selected Patient STE Strain Curves, Mitral Inflow and TDI 
 As mentioned in the ‘Methods’ section, the correlation between the strain curves 
and the waveforms associated with the mitral inflow and tissue Doppler imaging (TDI) 
was not one based in a quantitative nature; therefore there is little to present in the form 
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of hard numerical data other than the recorded mean peak strain for each scan. Presented 
below, with the exception of Patient 1, are the STE strain curves, mitral inflow and TDI 
scans of the four selected patients from this study, each of whom is a representative 
example of a position on the spectrum of diastolic dysfunction, from normal to restrictive 
filling. It should be noted that, in accord with the group means discussed earlier, the mean 
peak strain found in the individual STE strain curves of the patients shows a decline in 
each stage of diastolic dysfunction.  
 Patient 1: Normal Left Atrial Function 
 This patient possesses normal left atrial function as determined by analysis of his 
or her STE strain curves, shown in Figure 8 and Figure 9 in the previous section. In both 
images, the curves associated with the changing length of the left atrial myocardium are 
well defined. A notable difference in the two curves is that while the segments of the 
global atrial trace are somewhat scattered away from the mean strain curve, the trace of 
the interatrial septum exhibits a cleaner and much more concise grouping of segments 
around the mean strain curve.  
In Figure 9, the mean peak strain of the interatrial septum reaches 77.44% from 
its baseline level at a time of 392ms, after aortic valve closure. This value is attained in a 
short period of time as evidenced by the initial steep positive slope shown in the strain 
curve. From this maximum value, the myocardium shrinks considerably, seen as when 
strain declines by approximately 50% in the interatrial septum. Following this steep drop, 
the strain pattern becomes a much shallower decline, changing by approximately 10%. A 
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final short, sharp drop follows this gradual decline and returns the myocardium back to 
baseline length in both tracings.  
Figure 10 demonstrates the mitral inflow echocardiography waveforms produced 
by this patient. The E/A ratio is shown to be greater than 1, along with a normal E-wave 
deceleration of approximately 200ms. Finally, the TDI waveforms of this patient are 
shown in Figure 11. The E’ waveform is shown to be much larger than the A’ waveform, 
and the E/E’ ratio was calculated to be less than 10. Based on the data collected from the 
mitral inflow and TDI images, this patient was determined to be of normal cardiac 
function. 
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Figure 10: Mitral Flow Waveforms in Normal Patient – This figure shows the mitral 
inflow Doppler echocardiogram for Patient 1, which measures the velocity of blood flow 
from the left atrium through the mitral valve and into the left ventricle. The velocity is 
represented on the y-axis with units of meters per second (m/s), while the x-axis 
represents time in milliseconds (ms). The E- and A-waves are marked, indicating the 
amount of ventricular filling that occurs in early and late diastole respectively. Finally, 
the E/A ratio is seen to be greater than 1. 
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Figure 11: TDI Waveforms in a Normal Patient – This image shows the TDI 
waveforms obtained from patient 1. The E’ and A’ waves are marked, indicating the 
velocity of the left ventricular myocardium in early ventricular diastole and during atrial 
systole respectively. The myocardial velocity is represented on the y-axis in units of 
centimeters per second (cm/s) and time is measured on the x-axis in milliseconds. 
 
Patient 2: Impaired Ventricular Relaxation 
This patient, taken from the group of patients with abnormal echocardiograms, 
was determined to be in the first stage of diastolic dysfunction – impaired relaxation. The 
STE strain curve of this patient possesses a different shape than that seen in Patient 1 as 
the mean peak strain for the interatrial septum has decreased (Figure 12). When 
compared to Patient 1, the positive slope trending towards the mean peak strain seen in 
this patient is much more gradual. The mean peak strain of the interatrial septum was 
noted as 42% and occurring at 382ms. From this peak value, there is a slight decrease in 
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strain, but for the most part, the change is very gradual and over the course of 200ms, the 
atrium shows a mean decrease in length of approximately 10%. Then, around the 600ms 
marker, there is a sharp drop that returns the strain to a baseline level. This drop is of a 
more significant percentage than that seen in Patient 1, with the interatrial septum 
depicting a decline of approximately 30%. 
Figure 13 shows the mitral inflow Doppler echocardiography of Patient 2. It 
demonstrates a much different pattern than in Patient 1, as the E-wave is now smaller 
than the A-wave, causing the E/A ratio to fall below 1. The E-wave deceleration is also 
markedly longer than that seen in Patient 1. Figure 14 contains the scan of the TDI 
analysis for this patient. The E’ waveform is now much smaller than the A’ waveform, 
and the E/E’ ratio was calculated to be more than 10. When accounting for the data 
collected from mitral inflow Doppler echocardiography and TDI, this patient was 
determined to show signs of impaired relaxation. 
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Figure 12: STE Strain Curve of the Interatrial Septum in Impaired Relaxation – 
This STE strain curve was obtained from tracing of the interatrial septum in Patient 2. 
Once again, the y-axis represents the strain of the myocardial segments (in percent 
change) and the x-axis is time (in milliseconds). The yellow line represents the basal 
septum, the light blue line represents the mid septum and the green line represents the 
apical septum. Aortic valve closure (AVC) is marked, and as found on the mean strain 
curve (dotted white line), the mean peak strain of 42% appears at 386ms, slightly after 
AVC. The physiologic functions of the atrium are labeled based on the appropriate curves 
seen in the strain tracing. 
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Figure 13: Mitral Flow Waveforms in Impaired Relaxation – This figure shows the 
mitral inflow Doppler echocardiogram for Patient 2. The velocity of the blood flow 
across the mitral valve is represented on the y-axis in units of meters per second (m/s), 
while the x-axis represents the time in milliseconds (ms). The E- and A-waves are 
marked, and the E/A ratio is shown to be less than 1. 
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Figure 14: TDI Waveforms in Impaired Relaxation – This is an image of the 
waveforms generated by TDI analysis of the ventricular myocardium in Patient 2. The E’ 
and A’ waves are marked. The y-axis holds the measure of myocardial velocity in 
centimeters per second (cm/s) and time (in milliseconds) is seen on the x-axis. 
 
Patient 3: Pseudonormalized Pattern 
Upon analysis, this patient was determined to exhibit signs of the 
pseudonormalized pattern of diastolic dysfunction. As shown by Figure 15, the mean 
peak strain of the exhibited curve has fallen further away from that achieved by Patient 1, 
with the interatrial septum strain curve exhibiting a mean peak strain of 19.03%. The 
slope taken to this peak is even more gradual than that seen in the scans of Patient 2, and 
there is minimal change in strain after this point. The strain of the interatrial septum does 
dip to the range of 5-10% positive strain and holds steady at this number for a length of 
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time on the order of 400ms before there is a final small drop in strain as the myocardium 
returns to its baseline length. This drop is of relatively the same percentage as that seen in 
Patient 1. 
The mitral inflow Doppler scan of Patient 3 is shown in Figure 16. The pattern is 
relatively similar to that seen in Patient 1 as the E-wave has returned to a larger size than 
the A-wave, albeit not to the same size as in Patient 1, but the E/A ratio is once again 
more than 1.  Additionally, the E-wave deceleration time is of a normal nature at 
approximately 200ms.  
However normal the mitral inflow scan appears, upon inspection of the TDI scan 
shown in Figure 17, it becomes apparent that this patient exhibits the pseudonormalized 
pattern of diastolic dysfunction. The TDI scan shows an E’ waveform that is markedly 
smaller than the A’ waveform, as opposed to the normal ratio found in the mitral inflow 
scan of this patient. Furthermore, E/E’ ratio has increased to more than 15, which is a 
strong indication of pseudonormalized diastolic dysfunction. 
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Figure 15: STE Strain Curve of the Interatrial Septum in Pseudonormalized 
Pattern – This is the interatrial septum STE strain curve for Patient 3. As measured from 
the mean strain curve (white dotted line), the mean peak strain of the interatrial septum 
was found to be 19.03% and occurring at 543ms, after aortic valve closure (AVC). The 
axes remain the same, with strain (in percent change in length) on the y-axis and time (in 
milliseconds) on the x-axis. All three segments of the interatrial septum (basal, mid and 
apical septum) are shown. Physiologic atrial functions are labeled. 
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Figure 16: Mitral Flow Waveforms in Pseudonormalized Pattern – The mitral flow 
Doppler echocardiogram for Patient 3 shows relatively normal cardiac function based on 
the waveforms and ratios. The E-wave is shown to be larger than the A-wave and as a 
result, the E/A ratio is greater than 1. As in the scans of patients 1 and 2, the velocity of 
blood flow is measured in meters per second and is shown on the y-axis while the time 
(in milliseconds) rests on the x-axis. 
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Figure 17: TDI Waveforms in Pseudonormalized Pattern – This image shows the TDI 
waveforms obtained from Patient 3. The E’ waveform is actually shown to be much 
smaller than the A’ waveform and the E/E’ ratio is now above 15, both of which indicate 
a pseudonormalized filling pattern. The velocity of the ventricular myocardium (in 
centimeters per second) is represented on the y-axis, while the x-axis contains time (in 
milliseconds). 
 
 Patient 4: Restrictive Filling 
This final patient, of the amyloidosis group, shows typical signs of the final stage 
in diastolic dysfunction: restrictive filling. As seen in the STE tracing of the interatrial 
septum for this patient, contained in Figure 18, the curves and steep slopes seen in the 
STE scan of Patient 1 have all but vanished. The STE curve of the interatrial septum 
shows a mean peak strain of 9.84%, which is the lowest value among the four patients 
examined in detail. In the scan, the peak strain appears well before aortic valve closure. 
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After this peak value, the strain curve makes a gradual return to the baseline myocardial 
length, which is achieved at approximately 500ms. For the remainder of the scan, the 
strain curves hover around the baseline value with little exhibited deviation.  
The scan of the mitral inflow Doppler echocardiogram, shown in Figure 19, 
reveals a massive E-wave and an A-wave that is nearly non-existent. The resultant E/A 
ratio is much larger than 1. The TDI scan shown in Figure 20 demonstrates that while the 
E’ waveform is reduced in size, the A’ waveform is almost completely absent from the 
scan. Akin to the TDI data from Patient 3, the E/E’ ratio in this patient is approximately 
15. When considering the data presented by TDI and the mitral inflow Doppler, it was 
determined that these scans presented enough evidence to classify Patient 4 as exhibiting 
a restrictive filling pattern of diastolic dysfunction.  
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Figure 18: STE Strain Curve of the Interatrial Septum in Restrictive Filling Pattern 
– The mean strain curve of the interatrial septum STE scan shows a mean peak strain of 
9.84% that occurs at 151ms; well before aortic valve closure (AVC). As in the other STE 
scans, the y-axis measures strain (in percent), and the x-axis carries time (in 
milliseconds). All three segments of the interatrial septum are apparent in the scan, and 
the three physiologic atrial functions are labeled. 
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Figure 19: Mitral Flow Waveforms in Restrictive Filling Pattern – The mitral inflow 
Doppler scan of Patient 4 shows a large E-wave and a minimal A-wave, which yields an 
E/A ratio of well above 1. The blood flow velocity is on the y-axis with units of meters 
per second (m/s), and the x-axis represents time in milliseconds (ms). 
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Figure 20: TDI Waveforms in Restrictive Filling Pattern – The TDI scan for Patient 4 
shows an E’ wave of decreased size, although it is still much larger than the A’ wave. 
The double-peak appearance of the E’ wave is likely an artifact from the original 
echocardiogram examination of the patient. Regarding the axes, the myocardial velocity 
of the ventricle is shown on the y-axis in units of centimeters per second (cm/s) and time 
is represented on the x-axis in milliseconds. 
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DISCUSSION 
 The major goal of this study was to determine if STE strain imaging of the 
interatrial septum could sufficiently assess the global functions of the left atrium in 
comparison to the more widely used technique of STE analysis of the entire left atrium. 
From the gathered data, we believe that STE tracing of the interatrial septum does in fact 
yield a very accurate, concise strain curve that appears to correlate very highly with left 
atrial function.  
 
Comparison of STE Strain Analysis of Global Atrium and Interatrial Septum 
Mean Peak Strain and Spread of Segments About the Mean Strain Curve 
 On a full-scale analysis of the mean peak strain values from the entire patient 
population, the strain imaging tracings of the global atrium and interatrial septum 
revealed the same overall trends, as the mean peak strain was found to be the highest in 
the normal group, followed by the abnormal group and the lowest in the group of amyloid 
patients, a pattern revealed to be statistically significant for each method of tracing 
(Table 1). Our value for the mean peak atrial strain of the global left atrium in normal 
patients (41.32%±10.8) is nearly identical to the value of 40.1%±7.9 found by Cameli et 
al (2009), and it has been noted that longitudinal myocardial strain is impaired with 
progression of cardiac diseases such as amyloidosis (Geyer et al, 2010; Ersbøll et al, 
2013). The results of these prior studies lend support to the accuracy of our study, and to 
our finding that the compliance of the atrial wall, and consequently potential of the left 
atrium to act as a reservoir, decreased as disease states and diastolic dysfunction 
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progressed. Additionally, it was encouraging that the data produced from STE scans of 
the interatrial septum mirrored that of the global atrium as the global atrium has been 
shown to be an accurate indicator of atrial function in its own right (D’Andrea et al, 
2009; Hirose et al, 2012).  
 An interesting point of note is that the mean peak strain found in the global atrium 
traces was much lower than that found in the interatrial septum traces for all three groups. 
This brings attention to the variation in the spread of the individual segmental strain 
curves from the mean strain curve seen in each method of tracking. From a visual 
standpoint, the STE scans of the global left atrium demonstrated a much more varied 
spread of segmental strain curves, which negatively impacted the observed mean peak 
strain values, as well as the overall pattern of the mean strain curve. This calls the 
accuracy of the generated strain numbers into question, as the entire atrium may actually 
exhibit a higher degree of distensibility than the trace of the global atrium suggests. 
However this may only be the case for normal patients as, shown in Table 1, the 
difference between the exhibited mean peak strain of the global left atrium and the 
interatrial septum decreases significantly in abnormal and amyloid patients. This could 
indicate that the STE global atrial strain analysis becomes more accurate as disease states 
progress and the motion of the atrial walls during the cardiac cycle decreases, or it may 
be an indication that the mean peak strain found by tracking the interatrial septum is 
higher than we should expect. However, when considering the uniformity of segmental 
strain curves, the interatrial septum clearly holds an advantage over the global atrial STE 
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traces as it exhibits a much more concise grouping of segmental strain curves about the 
mean. 
 Approval of Segments and Exhibited Discord Among Groups 
 In our analysis, we attempted to measure the accuracy of our two chosen methods 
of STE strain analysis by recording the percentage of segments deemed acceptable by the 
speckle tracking software for each trace. The data revealed that, on average, the STE 
tracing of the full left atrium yielded a higher percentage of accepted segments than the 
STE tracing of the interatrial septum. This trend was universal across all three groups, 
however it was not a trend that was found to be statistically significant. This result is not 
entirely surprising as our initially chosen method of assessment may not have been the 
most accurate option; there are six total segments produced in the trace of the global 
atrium, while there are only three in the interatrial septum. Therefore, if each strain trace 
has one segment that is not accepted by the EchoPAC software, the total interatrial septal 
approval would be far more negatively impacted than that of the global atrium segmental 
approval.  
 In more appropriate analyses, we also considered the number of scans within each 
group that exhibited a one hundred percent approval of segments for tracking by the 
strain analysis software. As shown in the data from Table 2 and Table 3, the normal and 
abnormal groups exhibited a higher percentage of fully approved scans with STE analysis 
of the interatrial septum as opposed to the entire atrium. This was not the case in the 
amyloid group, as it dropped from 78.57% of fully approved scans in global tracking to 
64.29% of scans with full segment approval in tracking of the interatrial septum. Despite 
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this drop, the amyloid group still demonstrated the highest percentage of scans with one 
hundred percent approval in interatrial septum tracing among the three groups. This 
trend, that more scans of the interatrial septum achieved full approval, gained additional 
relevance due to the fact that the exhibited mean approval percentage of the interatrial 
septum segments (basSept, midSept, apSept) is universally higher mean than that of the 
three segments of the lateral atrial wall (basLat, midLat, apLat) in the global STE traces 
of the atrium in all three groups (Table 2).  
As previously noted in this study, a strain curve of a given segment was 
determined to be discordant if it was approved for tracking by the STE software, yet on 
the generated strain curve for the patient, it displayed a contrasting pattern to those 
followed by the other segments and mean strain curve. As shown by the data in Table 2 
and Table 3, the strain curves of the normal groups exhibited minimal discord in STE 
tracings of the global atrium and interatrial septum. However, patients in both the 
abnormal and amyloid groups demonstrated a significant decline in discordant strain 
curves from the STE scans of the global atrium to those of the interatrial septum. 
Additionally, as seen in the STE scans of the entire left atrium in Table 2, most of the 
segments that produced discordant strain curves in these two groups were those of the 
lateral atrial wall; as before, this seems to indicate that STE tracings of the septum alone 
produce more accurate strain curves. While it is entirely possible that the discordant 
segmental strain curves in these two groups are formed as a result of the various 
afflictions, such as cardiac amyloidosis and atrial fibrillation, that affect the cardiac 
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function of these patients, these diseases usually affect the atrium in a universal fashion 
and do not necessarily target one specific wall (Falk, 2005; Lee, 2013).  
These trends in the approval and discord of segments are important because they 
appear to indicate that the STE software more accurately tracks the segments of the 
interatrial septum, thus producing a more accurate strain curve for a higher percentage of 
patients. The data and trends we have uncovered seem to show that the lateral atrial wall 
may be more susceptible to the cluttering effect noted by Sun (2007), perhaps as a result 
of the fact that it is not as well-defined as the interatrial septum. When viewed on an 
echocardiogram, the septum has a more pronounced presentation due to the contrast 
between the myocardium of the septum, which appears white or grey in a standard two-
dimensional echocardiogram, and the blood within the chambers on either side of it, 
which appears black. This makes the septum appear more prominent, and in theory, 
easier for the EchoPAC software to track than the entire atrium, as it avoids the 
potentially obscured segments of the lateral atrial wall. Furthermore, since the interatrial 
septum is located on the interior as opposed to the periphery of the heart, it is much less 
likely than the lateral wall to move out of frame, causing a temporary disappearance of 
‘speckles’, or to be disrupted by adjacent organs or other thoracic cage elements (Citro et 
al, 2008; Blessberger & Binder, 2010). Whether the increased discordance and lower 
tracking accuracy of the lateral atrial wall segments are directly linked to these factors of 
‘speckle’ interference, disappearance or a consequence of the software algorithm is 
unknown. Ultimately, our findings clearly indicate that the interatrial septum is very 
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accurately tracked by STE, and as a result yields clear strain curves with minimal 
variation about the mean. 
 
Correlation of Speckle Tracking Echocardiography and Atrial Function 
 After our investigation of the similarities between the strain imaging curves of the 
interatrial septum and those of the entire left atrium, we added a secondary step of 
analysis to further assess the potential of the interatrial septum as an indicator of left 
atrial function. This step was accomplished by comparing interatrial septum strain curves 
to images from mitral flow echocardiography and TDI, two techniques noted for their 
assessment of diastolic cardiac function (Citro et al, 2008). Ultimately, though we only 
examined four patients in detail, we believe that there is a demonstrated correlation 
between interatrial septum strain curves and the global functions of the left atrium during 
ventricular diastole in the various stages of diastolic dysfunction. These are the same four 
patients from the ‘Results’ section, and the exhibited correlation between their STE 
interatrial septum scans and overall left atrial function is discussed in more detail below 
with the exception of the reservoir function, which, although may be indicated by the 
mean peak strain of the STE strain curves, occurs during ventricular systole and was not 
explored in these mitral flow and TDI scans. 
 Patient 1: Normal Left Atrial Function 
 As shown in Figure 9, the STE strain curve of the interatrial septum of this 
patient exhibits a steep negative slope slightly after aortic valve closure, corresponding to 
a large decrease in length of the atrial myocardium. Although mitral valve opening is 
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unmarked in the figure, it precedes the decline in strain that represents the conduit 
function of the left atrium in early diastole, where the atrium becomes smaller as its 
stored volume of blood rushes into the left ventricle. This can be verified by observing 
the prominent E-wave in Figure 10, and the large E’ waveform of Figure 11. The size of 
both of these peaks indicates that in early diastole, this left ventricle of this patient 
receives a large amount of blood in a short period of time; a consequence of a prominent 
left atrial conduit function. Following this initial drop, there is a gradual decline that 
corresponds to the final amount of time that the atrium spends as a conduit during 
diastasis, as there is little flow of blood into the ventricle in this time and the length of the 
atrial walls would not be expected to change very much during this time. 
 Additionally, Figure 9 shows a short and sharp near the end of the tracing as the 
interatrial myocardium returns to baseline length. This represents the booster pump 
function of the atrium, and in normal hearts it occupies a much smaller portion of 
ventricular filling than does the conduit function. This assertion holds true when 
examining the A-wave in Figure 10 and the A’ waveform in Figure 11, as both are much 
smaller than the E-wave and E’ waveform respectively. 
 Patient 2: Impaired Ventricular Relaxation 
 Patient 2 exhibits impaired ventricular relaxation, which, as established earlier in 
this study, should carry the consequence of a shortened conduit function, but an increased 
booster pump function in the left atrium due to the decreased suction produced by the left 
ventricle in diastole and increased pressure buildup in the left atrium (Zhang & Yu, 
2007).  
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Indeed, upon examination of the interatrial septum strain curve in Figure 12, the 
decline in strain after mitral valve opening is much smaller than that seen in Figure 9, 
and the atrium appears to spend more time as a conduit during diastasis. It is also 
apparent that the sharp drop back to baseline is far more prominent in this scan, which 
would seem to indicate the heightened booster pump function that the left atrium adopts 
to maintain a normal filling volume for the ventricle.  
 When the mitral inflow and TDI scans are examined, the prior thoughts developed 
from the STE scan of the interatrial septum are confirmed. The mitral inflow 
echocardiography scan in Figure 13 shows a much shorter E-wave than A-wave, which 
is a clear indication that more diastolic ventricular filling occurs as a result of the atrial 
booster pump function in late diastole than it does from the passive conduit function in 
early diastole. The assertion is also confirmed by the TDI scan in Figure 14, which 
shows a large A’ waveform and a smaller E’ waveform, indicating that the ventricular 
myocardium distends more rapidly in late diastole than in early diastole. 
 Patient 3: Pseudonormalized Pattern 
 As a patient exhibiting a pseudonormalized pattern, Patient 3 would be expected 
to show an increased conduit function due to the continued decline in ventricular 
compliance and subsequent increase in atrial pressure (Casaclang-Verzosa et al, 2008). A 
pseudonormalized pattern may also show an atrial booster function that is greater than 
normal (Zhang & Yu, 2007).  
In the STE interatrial septum scan, shown in Figure 15, these assertions appear to 
be confirmed, though it is admittedly a subjective analysis. While the mean peak strain 
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occurs after aortic valve closure and around the time of mitral valve opening, it is only 
marginally higher than the strain values that occur 200ms prior. This may be seen as an 
indication of increased conduit function, but it is difficult to say with certainty. However, 
the booster pump function occurring in late diastole is fairly prominent, and slightly more 
so than that seen in the interatrial septum scan of Patient 1.  
 In the mitral flow echocardiography scan seen in Figure 16, there is an indication 
of increased ventricular filling in the early portion of diastole by the height of the E-
wave, which has grown from that seen in Figure 13; again, as this is known to be a scan 
of pseudonormalized diastolic filling, this may suggest that the atrium begins its conduit 
function earlier than normal, though this is not definitively seen in the STE trace of the 
septum of this patient. However, the booster pump function of the left atrium is 
confirmed by the A-wave, which, when consulting the y-axis of the scan appears to be of 
a slightly higher velocity than that seen in the normal patient (approximately 0.7m/s 
compared to 0.5m/s seen in Figure 10). The TDI scan in Figure 17 also verifies the 
increased booster pump function shown in the STE septum scan with an enlarged A’ 
waveform shown. The E’ waveform is much smaller than the A’ waveform in Figure 17, 
which indicates that the ventricular myocardium does not expand a great deal during 
early diastole, despite the heightened mitral blood flow indicated by the E-wave of 
Figure 16.  
 Patient 4: Restricted Filling 
 Patient 4 was chosen from the group of patients with amyloidosis, and is expected 
to display signs of the restrictive filling phase of diastolic dysfunction. The atrial function 
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of individuals afflicted with this phase of diastolic dysfunction is often solely composed 
of the conduit as the chronic heightened pressure has taken a toll on the atrial 
myocardium and all but eliminated the booster pump function (Rosenberg & Manning, 
2012).  
 The STE scan of the interatrial septum shown in Figure 18 demonstrates both of 
these expected scenarios. The mean peak strain occurs before the closure of the aortic 
valve, and the curve follows a gradual decline as the strain returns to baseline level, an 
indication of a prolonged, if not permanent, conduit function demonstrated by the atrium. 
The booster pump function is also minimally realized, if at all present on the strain curve.  
 The mitral flow and TDI scans (Figure 19 and Figure 20 respectively) verify the 
above expectations. The E-wave in the mitral flow scan shows a rather high peak, a sign 
of heightened ventricular filling in early diastole, while the A-wave is negligible, which 
is in accord with the lack of atrial systole presented in the strain imaging scan. The TDI 
scan also indicates a higher amount of ventricular filling in early diastole with a relatively 
large E’ waveform. The A’ waveform is very small, indicating minimal ventricular 
expansion during late diastole when the atrial booster pump function would normally 
appear. 
 
Potential of Findings for Cardiac Amyloidosis 
 We specifically chose to evaluate the atrial strain curves of patients with cardiac 
amyloidosis, as it is serious disease that is often overlooked. As mentioned in the analysis 
of Patient 4, the strain curve of the interatrial septum exhibits a prolonged conduit 
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function and little change in the strain throughout the tracing that is consistent with a 
restrictive filling pattern of diastolic dysfunction. It should be noted that while the strain 
curve in this patient does indicate a loss of atrial reservoir and booster pump function, in 
this case it might be due to amyloid infiltration of the atrium as opposed to a secondary 
consequence of the prolonged exposure of the atrium to high pressures as seen in other 
diseases that produce a restricted filling pattern (Falk, 2011; Guan et al, 2012). As the 
amyloid infiltrates the atrium, the myocardial walls of the chamber become less 
compliant and may exhibit an inability to relax or contract, effectively transforming the 
left atrium into a permanent conduit between the pulmonary veins and the left ventricle 
(Dubrey et al, 2011) 
As seen in Patient 4, the mean peak strain of the strain curve of the interatrial 
septum appeared before aortic valve closure, a trait that was not seen in the generated 
strain curves of the other patients. Among the amyloidosis group, this finding was not 
unique to Patient 4, as interatrial septum strain curves from 12 of the 14 members 
demonstrated the same trait. An interesting point is that when considering the strain 
curves generated by analysis of the entire atrium, this phenomenon was not readily 
apparent. In the global atrial strain curves, the mean peak strain appeared to manifest 
around the time of aortic valve closure, but when the strain curves of the interatrial 
septum were generated, the mean peak strain was clearly shown to take place well before 
aortic valve closure. While this occurrence should be noted, we must acknowledge the 
fact that we did not analyze atrial strain curves in patients with restrictive filling patterns 
caused by diseases other than cardiac amyloidosis, and as Phelan et al (2012) notes, strain 
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imaging may not even be able to differentiate between amyloidosis and other serious 
disorders causing a restrictive filling pattern. Nonetheless, it remains a finding to keep in 
mind for future studies. 
 
Limitations 
 There were a few limitations of note in this study. Perhaps the most prominent 
example is the relatively small sample size of patients. While each group contained at 
least ten members, and this is enough to generate sufficient data for a preliminary finding, 
but insufficient to draw universal conclusions from. This is especially true when 
correlating the interatrial septum strain curves with the mitral flow and TDI scans in the 
four selected patients; although the correlations are promising, their true value cannot be 
assessed from this study, as we did not consider this step of analysis for every patient 
scan. Additionally, as has been noted several times in this paper, the fact that the speckle 
tracking algorithm is based on the ventricular wall cannot be overlooked. It does not 
undermine the data that we, and others, have collected from STE strain imaging of the 
atrium, however it does cast doubt on what the data actually means. 
 
Future Studies 
 This study used a qualitative method to assess the correlation between the scans 
produced by STE and left atrial function, as we focused more on observing patterns 
within the interatrial strain curve and relating them to the waveforms produced in TDI 
and mitral flow echocardiography images. The process appeared successful, however it 
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was conducted in an open discussion. Therefore, it would be interesting to perform a 
blind experiment in which mitral flow echocardiography scans, STE strain curves of the 
interatrial septum, and TDI scans are generated from one group of patients, and the 
researchers are assigned scans of one imaging modality at random and asked to diagnose 
the patients. The unbiased analysis of these scans could then be compared and further 
correlations could be drawn between STE strain analysis of the interatrial septum and the 
global functioning of the left atrium. 
 
Conclusion 
 Based on assessment of the various components of STE strain imaging and in 
comparing our proposed model to the imaging modalities of mitral flow and TDI in four 
select patients, we have determined that STE strain analysis of the interatrial septum 
shows promise as a modified and accurate method of assessing the global physiologic 
functions of the left atrium in both normal and disease states. Although this is a 
preliminary result, it is one that calls for further investigation of both this method and 
STE strain analysis in general. 
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